Zr-Si-N films with atomic ratios of N/(Zr + Si) of 0.54-0.82 were fabricated through high-power impulse magnetron sputtering (HiPIMS)-radio-frequency magnetron sputtering (RFMS) cosputtering by applying an average HiPIMS power of 300 W on the Zr target, various RF power levels on the Si target, and negative bias voltage levels of 0-150 V connected to the substrate holder. Applying a negative bias voltage on substrates enhanced the ion bombardment effect, which affected the chemical compositions, mechanical properties, and residual stress of the Zr-Si-N films. The results indicated that Zr-Si-N films with Si content ranging from 1.4 to 6.3 atom % exhibited a high hardness level of 33.2-34.6 GPa accompanied with a compressive stress of 4.3-6.4 GPa, an H/E* level of 0.080-0.107, an H 3 /E* 2 level of 0.21-0.39 GPa, and an elastic recovery of 62-72%.
Introduction
Nanocomposite Zr-Si-N films have attracted considerable research interest because of their mechanical properties and oxidation resistance; these films with 2-6 atom % Si exhibit a hardness level of 30-36 GPa [1] [2] [3] [4] , whereas the films with a high Si content (15-30 atom %) display remarkable oxidation resistance at 600 • C accompanied with a low hardness level of 12-16 GPa [5, 6] . An nc-M n N/a-Si 3 N 4 model has been developed to estimate the hardness improvement of low-Si-content nanocomposite M-Si-N films (M: transition metal) [7] [8] [9] [10] [11] . Nanocrystalline M-N grains surrounded by an amorphous Si 3 N 4 matrix improve the film hardness attributed to strengthening mechanisms including solid-solution strengthening, nanocomposite formation hardening, and residual stress effect [11] . However, in contrast to Ti-Si-N films, the hardness improvement of Zr-Si-N films by adding Si to form nanocomposite films is limited [1] [2] [3] [4] [5] . High-power impulse magnetron sputtering (HiPIMS) with a dense plasma comprising a high degree of ionization of the sputtered materials [12] [13] [14] was used to fabricate films with a dense structure accompanied with a high hardness and high residual compressive stress [15, 16] . Moreover, hybrid processes such as direct-current magnetron sputtering (HiPIMS-DCMS) [17] and radio-frequency magnetron sputtering (HiPIMS-RFMS) [18] were used to increase the deposition rate, which was a limitation of the conventional HiPIMS process [13, 14] . In a previous study [19] , the crystalline Zr-Si-N films of 2-6 atom % Si prepared using a HiPIMS-RFMS process showed low surface roughness (0.8-1.4 nm) and high nanoindentation hardness (33.1-34.3 GPa), Young's modulus (346-373 GPa), and compressive residual stress (4.4-5.0 GPa). Tang et al. [20] fabricated Zr-Si-N films through a hybrid system comprising a superimposed HiPIMS-medium frequency and Table 1 presents the chemical compositions of Zr-Si-N films fabricated using an average HiPIMS power (P Zr ) of 300 W on the Zr target, various RF powers (P Si ) applied on the Si target, and negative bias voltage levels of 0-150 V connected to the substrate holder. The Zr-Si-N films were denoted as Zr x Si y N 100−x−y after ignoring the O content. All the Zr-Si-N films exhibited an atomic ratio [N/(Zr+Si)] of 0.54-0.82, which was below the stoichiometric ratio of 1.0 for ZrN. The Si content of the films in batch A decreased from 3.2 to 1.4 and 0.4 atom %, whereas the N content increased from 34.9 to 36.2 and 37.3 atom % when the negative bias voltage level was increased from 0 to 50 and 100 V, respectively. The films prepared at bias voltages of −100 V and −150 V were Zr 62.3 Si 0.4 N 37.3 and Zr 62.2 Si 0.4 N 37.4 , respectively, which exhibited a constant and Si-less level attributed to severe ion bombardment. In our previous study on HiPIMS-RFMS-prepared Zr-Si-N films fabricated using the same gas flow (Ar: 28 sccm, N 2 : 2 sccm) at ground state [19] , the Si content increased from 0 to 10 atom % accompanied with an increase in N content from 29 to 40 atom %, which was attributed to the high affinity of Si and N [11, 20] . Moreover, the Si content of the samples in batches B and C exhibited decreasing tendencies with an increase in substrate bias voltage, whereas the variation in N content was not correlated with the substrate bias voltage. Furthermore, the compressive residual stress increased with an increase in the substrate bias voltage for all the three batches. Therefore, applying a negative bias voltage resulted in a decrease in Si content ( Figure 1 ), which was attributed to the ion bombardment and resputter effect [26] . All the films prepared at a substrate bias voltage above −100 V exhibited a negligible Si content of 0.3-0.4 atom %. The deposition rates slightly decreased when a substrate bias voltage was applied. The film thickness levels were controlled at 747-1080 nm through adjustment of the deposition time after considering an indentation depth of 80 nm for evaluating the films' mechanical properties. Figure 4a illustrate the grazing incidence XRD (GIXRD) patterns of the films in batches A, B, and C, respectively, which display a face-centered cubic (fcc) ZrN [ICDD 00-035-0753] phase. In our previous study [19] , the HiPIMS-RFMS-fabricated Zr-Si-N films with Si content less than 7.6 atom % were crystalline, whereas Zr-Si-N films with Si content more than 10 atom % had a dominant X-ray amorphous phase. Figure 2b illustrates the XRD patterns of the Zr-Si-N films in batch A obtained through Bragg-Brentano scan. The fcc (111) and (200) reflections shifted toward the left side while raising the negative bias voltage level from 0 to 150 V. The shifted ZrN [30] , respectively, ZrN form preferentially, and excess Zr or N bind to Si. Moreover, the standard Gibbs free energies of Si 3 N 4 and ZrSi 2 were also interpreted as −215.781 and −78.966 kJ/mol of Si, respectively, which implies that Si 3 N 4 is more stable than ZrSi 2 . However, the surveyed Zr-Si-N films in this study exhibited high Zr and low N contents, which caused the formation of major ZrN and minor ZrSi 2 phases. Sandu et al. [11, 31] proposed a solubility limit of 4 atom % Si for Zr-Si-N films, and the ZrN grain size and Si solubility limit decreased by applying bias voltage. In our previous study [19] , the HiPIMS-RFMS-fabricated Zr-Si-N films exhibited a Si solubility of 5.6 atom %. The three Si-less films Zr 62.3 Si 0.4 N 37.3 , Zr 58.9 Si 0.4 N 40.7 , and Zr 54.8 Si 0.3 N 44.9 prepared with a substrate bias voltage of −100 V revealed the characteristics of ZrN films deposited through strong ion bombardment, which exhibited a strong (111) texture [15] . Figure 6 displays the lattice parameters of the Zr-Si-N films calculated using (111) reflections in Bragg-Brentano XRD patterns. The lattice parameters increased with an increase in the substrate bias voltage and were larger than the standard value of 0.45776 nm for fcc ZrN, which implies that the films fabricated under a high substrate bias voltage exhibit a high residual stress during compression. Applying a substrate bias voltage resulted in a decrease in surface roughness to less than 2 nm (Table 1) , possibly accompanied with structural densification [32, 33] . Figures 2a, 3a, and 4a illustrate the grazing incidence XRD (GIXRD) patterns of the films in batches A, B, and C, respectively, which display a face-centered cubic (fcc) ZrN [ICDD 00-035-0753] phase. In our previous study [19] , the HiPIMS-RFMS-fabricated Zr-Si-N films with Si content less than 7.6 atom % were crystalline, whereas Zr-Si-N films with Si content more than 10 atom % had a dominant X-ray amorphous phase. Figure for fcc ZrN, which implies that the films fabricated under a high substrate bias voltage exhibit a high residual stress during compression. Applying a substrate bias voltage resulted in a decrease in surface roughness to less than 2 nm (Table 1) , possibly accompanied with structural densification [32, 33] . for fcc ZrN, which implies that the films fabricated under a high substrate bias voltage exhibit a high residual stress during compression. Applying a substrate bias voltage resulted in a decrease in surface roughness to less than 2 nm (Table 1) , possibly accompanied with structural densification [32, 33] . for fcc ZrN, which implies that the films fabricated under a high substrate bias voltage exhibit a high residual stress during compression. Applying a substrate bias voltage resulted in a decrease in surface roughness to less than 2 nm (Table 1) , possibly accompanied with structural densification [32, 33] . The cross-sectional transmission electron microscopy (TEM) image of the Zr61.6Si3.2N35.2 films (batch A) prepared at a ground voltage level was displayed in a previous study [19] , which exhibited a columnar structure. Figure 7a displays the cross-sectional TEM image of the Zr62.3Si1.4N36.3 films (batch A) prepared at a bias voltage of -50 V, which exhibits a crystalline structure. Figure 8a displays the cross-sectional TEM image of the Zr54.8Si0.3N44.9 (batch C) prepared at a bias voltage of -100 V, which exhibits a crystalline structure. Figures 7b and 8b exhibit lattice fringes of crystalline ZrN regions. All the films, namely Zr61.6Si3.2N35.2, Zr62.3Si1.4N36.3, and Zr54.8Si0.3N44.9, were crystalline, and amorphous Si3N4 regions were not observed, which indicated that Si atoms substituted Zr atoms in the ZrN lattice as the Si contents were lower than a solubility limit [11] . The cross-sectional transmission electron microscopy (TEM) image of the Zr61.6Si3.2N35.2 films (batch A) prepared at a ground voltage level was displayed in a previous study [19] , which exhibited a columnar structure. Figure 7a displays the cross-sectional TEM image of the Zr62.3Si1.4N36.3 films (batch A) prepared at a bias voltage of -50 V, which exhibits a crystalline structure. Figure 8a displays the cross-sectional TEM image of the Zr54.8Si0.3N44.9 (batch C) prepared at a bias voltage of -100 V, which exhibits a crystalline structure. Figures 7b and 8b exhibit lattice fringes of crystalline ZrN regions. All the films, namely Zr61.6Si3.2N35.2, Zr62.3Si1.4N36.3, and Zr54.8Si0.3N44.9, were crystalline, and amorphous Si3N4 regions were not observed, which indicated that Si atoms substituted Zr atoms in the ZrN lattice as the Si contents were lower than a solubility limit [11] . The cross-sectional transmission electron microscopy (TEM) image of the Zr 61.6 Si 3.2 N 35.2 films (batch A) prepared at a ground voltage level was displayed in a previous study [19] , which exhibited a columnar structure. Figure 7a displays the cross-sectional TEM image of the Zr 62.3 Si 1.4 N 36.3 films (batch A) prepared at a bias voltage of −50 V, which exhibits a crystalline structure. Figure 8a displays the cross-sectional TEM image of the Zr 54.8 Si 0.3 N 44.9 (batch C) prepared at a bias voltage of −100 V, which exhibits a crystalline structure. Figures 7b and 8b 9 , were crystalline, and amorphous Si 3 N 4 regions were not observed, which indicated that Si atoms substituted Zr atoms in the ZrN lattice as the Si contents were lower than a solubility limit [11] . The cross-sectional transmission electron microscopy (TEM) image of the Zr61.6Si3.2N35.2 films (batch A) prepared at a ground voltage level was displayed in a previous study [19] , which exhibited a columnar structure. Figure 7a displays the cross-sectional TEM image of the Zr62.3Si1.4N36.3 films (batch A) prepared at a bias voltage of -50 V, which exhibits a crystalline structure. Figure 8a displays the cross-sectional TEM image of the Zr54.8Si0.3N44.9 (batch C) prepared at a bias voltage of -100 V, which exhibits a crystalline structure. Figures 7b and 8b exhibit lattice fringes of crystalline ZrN regions. All the films, namely Zr61.6Si3.2N35.2, Zr62.3Si1.4N36.3, and Zr54.8Si0.3N44.9, were crystalline, and amorphous Si3N4 regions were not observed, which indicated that Si atoms substituted Zr atoms in the ZrN lattice as the Si contents were lower than a solubility limit [11] . 1 GPa accompanied with residual stress levels of -6.8, -6.8, and -7.1 GPa, respectively, and the films with a higher N content exhibited higher hardness. In a previous study [34] , the ZrNx films (x = 0.65-0.78) prepared using the HiPIMS system at a -100 V substrate bias voltage and a substrate temperature of 400°C exhibited a hardness level of 26-27 GPa accompanied with a residual stress ranging from -4.2 to -5.2 GPa. The Zr54.8Si0.3N44.9 films exhibited a relatively high residual stress of -7.1 GPa and the highest hardness of 35.1 GPa in this study, which were comparable with the ZrN films fabricated through HiPIMS reported by Purandare et al. [15] ; in their study, the samples prepared at bias voltages of -65, -75, and -95 V exhibited residual stresses of -5.1, -7.7, and -10 GPa and hardness values of 31.9, 36.6, and 40.4 GPa, respectively. Figure 9b illustrates the hardness values of Zr-Si-N films with various residual stresses, which includes some data from a previous study [19] . These data were divided into three categories according to their residual stress levels. The hardness levels of the HiPIMS-RFMS-cosputtered Zr-Si-N films exhibited a linear relationship with their residual stresses ranging from −0.2 to −4.5 GPa (Region I), whereas the hardness values maintained a similar level accompanied with a residual stress ranging from −4.5 to −6.4 GPa (Region II) and exhibited diversified values at a residual stress of more than −6.8 GPa (Region III). Mae et al. [1] reported that the hardness and stress exhibited a linear trend for the ZrSiN films with stress less than -5 GPa, which was a result of lattice distortion caused by the difference in the atomic sizes of Zr, Si, and N. By contrast, Qi et al. [35] reported that the hardness of ZrN coatings increased with an increase in residual stress up to 4.24 GPa in compression, and that further Table 2 presents the H, E*, H/E*, and H 3 /E* 2 values of the Zr-Si-N films. Figure 9a 1 GPa accompanied with residual stress levels of −6.8, −6.8, and −7.1 GPa, respectively, and the films with a higher N content exhibited higher hardness. In a previous study [34] , the ZrN x films (x = 0.65-0.78) prepared using the HiPIMS system at a −100 V substrate bias voltage and a substrate temperature of 400 • C exhibited a hardness level of 26-27 GPa accompanied with a residual stress ranging from −4.2 to −5.2 GPa. The Zr 54.8 Si 0.3 N 44.9 films exhibited a relatively high residual stress of −7.1 GPa and the highest hardness of 35.1 GPa in this study, which were comparable with the ZrN films fabricated through HiPIMS reported by Purandare et al. [15] ; in their study, the samples prepared at bias voltages of −65, −75, and −95 V exhibited residual stresses of −5.1, −7.7, and −10 GPa and hardness values of 31.9, 36.6, and 40.4 GPa, respectively. Figure 9b illustrates the hardness values of Zr-Si-N films with various residual stresses, which includes some data from a previous study [19] . These data were divided into three categories according to their residual stress levels. The hardness levels of the HiPIMS-RFMS-cosputtered Zr-Si-N films exhibited a linear relationship with their residual stresses ranging from −0.2 to −4.5 GPa (Region I), whereas the hardness values maintained a similar level accompanied with a residual stress ranging from −4.5 to −6.4 GPa (Region II) and exhibited diversified values at a residual stress of more than −6.8 GPa (Region III). Mae et al. [1] reported that the hardness and stress exhibited a linear trend for the ZrSiN films with stress less than −5 GPa, which was a result of lattice distortion caused by the difference in the atomic sizes of Zr, Si, and N. By contrast, Qi et al. [35] reported that the hardness of ZrN coatings increased with an increase in residual stress up to 4.24 GPa in compression, and that further increasing the compressive stress to more than 7.95 GPa resulted in a decreasing trend in hardness, which was attributed to the inverse Hall-Petch effect. increasing the compressive stress to more than 7.95 GPa resulted in a decreasing trend in hardness, which was attributed to the inverse Hall-Petch effect. 3 We: Elastic recovery. The ratios of H/E [36] [37] [38] and H/E * [4, 39] denote elastic strain to failure, which assisted to assess the wear resistance of hard coatings with the criteria of H/E > 0.1 [38] and H/E * > 0.1 [39] . Figure 10 [39] proposed that hard nanocomposite films with H/E * > 0.1 and We ≥ 60% exhibited high toughness. The Zr60.2Si3.8N36.0 films prepared at a bias voltage of −50 V exhibited the highest H/E * level of 0.107 and We level of 72% among the surveyed Zr-Si-N films in this study. In the work of Choi et al. [4] , the Zr-Si The ratios of H/E [36] [37] [38] and H/E* [4, 39] denote elastic strain to failure, which assisted to assess the wear resistance of hard coatings with the criteria of H/E > 0.1 [38] and H/E* > 0.1 [39] . Figure 10 The parameters of H 3 /E 2 [40, 41] and H 3 /E *2 [28] were widely applied to represent resistance to plastic deformation. Figure 11a presents the relationship between H 3 /E *2 and H, which includes some data from previous studies on Zr-Si-N films [5, 19] . Silva Neto et al. [42] reported that the hardness and H 3 /E 2 ratio exhibited an increasing trend for the DCMS-and RFMS-cosputtered Zr-Si-N films, and a maximum H 3 /E 2 value of 0.40 GPa was accompanied with a hardness of 20.6 GPa. In our previous study [5] , DCMS-fabricated Zr-Si-N films prepared without applying a bias voltage exhibited a low H 3 /E *2 level of <0.15 GPa (H 3 /E 2 < 0.18 GPa). By contrast, the HiPIMS-RFMScosputtered Zr-Si-N films prepared at a bias voltage of −50, −100, and −150 V exhibited high H 3 /E *2 levels ranging from 0.21 to 0.39 GPa (H 3 /E 2 : 0.25-0.48 GPa), whereas the HiPIMS-RFMS-cosputtered Zr-Si-N films prepared at ground state exhibited medium H 3 /E *2 levels ranging from 0.06 to 0.26 GPa (H 3 /E 2 : 0.08-0.31 GPa). A high H 3 /E *2 level of 0.60 GPa was reported for Zr-Si-N films [43] . Figure 11b displays the relationship between H 3 /E *2 and elastic recovery (We). The We value increased with an increase in the H 3 /E *2 value. The parameters of H 3 /E 2 [40, 41] and H 3 /E* 2 [28] were widely applied to represent resistance to plastic deformation. Figure 11a presents the relationship between H 3 /E* 2 and H, which includes some data from previous studies on Zr-Si-N films [5, 19] . Silva Neto et al. [42] reported that the hardness and H 3 /E 2 ratio exhibited an increasing trend for the DCMS-and RFMS-cosputtered Zr-Si-N films, and a maximum H 3 /E 2 value of 0.40 GPa was accompanied with a hardness of 20.6 GPa. In our previous study [5] , DCMS-fabricated Zr-Si-N films prepared without applying a bias voltage exhibited a low H 3 /E* 2 level of <0.15 GPa (H 3 /E 2 < 0.18 GPa). By contrast, the HiPIMS-RFMS-cosputtered Zr-Si-N films prepared at a bias voltage of −50, −100, and −150 V exhibited high H 3 /E* 2 levels ranging from 0.21 to 0.39 GPa (H 3 /E 2 : 0.25-0.48 GPa), whereas the HiPIMS-RFMS-cosputtered Zr-Si-N films prepared at ground state exhibited medium H 3 /E* 2 levels ranging from 0.06 to 0.26 GPa (H 3 /E 2 : 0.08-0.31 GPa). A high H 3 /E* 2 level of 0.60 GPa was reported for Zr-Si-N films [43] . Figure 11b displays the relationship between H 3 /E* 2 and elastic recovery (W e ). The W e value increased with an increase in the H 3 /E* 2 value.
Mechanical Properties

Conclusions
(5.8 atom %)-N films exhibited the maximum hardness, Young's modulus, and H/E * values of 33 GPa, 265 GPa, and 0.12, respectively, accompanied with the lowest friction coefficient and the best wear resistance. The common characteristics of the films prepared under a substrate bias voltage of −50 V exhibited high H/E * , H 3 /E *2 , and We values ( Table 2) The parameters of H 3 /E 2 [40, 41] and H 3 /E *2 [28] were widely applied to represent resistance to plastic deformation. Figure 11a presents the relationship between H 3 /E *2 and H, which includes some data from previous studies on Zr-Si-N films [5, 19] . Silva Neto et al. [42] reported that the hardness and H 3 /E 2 ratio exhibited an increasing trend for the DCMS-and RFMS-cosputtered Zr-Si-N films, and a maximum H 3 /E 2 value of 0.40 GPa was accompanied with a hardness of 20.6 GPa. In our previous study [5] , DCMS-fabricated Zr-Si-N films prepared without applying a bias voltage exhibited a low H 3 /E *2 level of <0.15 GPa (H 3 /E 2 < 0.18 GPa). By contrast, the HiPIMS-RFMScosputtered Zr-Si-N films prepared at a bias voltage of −50, −100, and −150 V exhibited high H 3 /E *2 levels ranging from 0.21 to 0.39 GPa (H 3 /E 2 : 0.25-0.48 GPa), whereas the HiPIMS-RFMS-cosputtered Zr-Si-N films prepared at ground state exhibited medium H 3 /E *2 levels ranging from 0.06 to 0.26 GPa (H 3 /E 2 : 0.08-0.31 GPa). A high H 3 /E *2 level of 0.60 GPa was reported for Zr-Si-N films [43] . Figure 11b displays the relationship between H 3 /E *2 and elastic recovery (We). The We value increased with an increase in the H 3 /E *2 value. 
The effects of ion bombardment during sputtering deposition were enhanced by applying a negative bias voltage, which resulted in an increase in residual stress and a decrease in Si content for Zr-Si-N films relative to that prepared at ground state. Applying a moderate substrate bias voltage makes the Zr-Si-N films a dense structure with high mechanical properties. The hardness exhibited a linear relationship with residual stress ranging from −0.2 to −4.5 GPa and maintained an almost constant level with residual stress ranging from −4.5 to −6.4 GPa, whereas at residual stress above −6.8 GPa, the hardness varied inconsistently. The films prepared under a substrate bias voltage of −50 V exhibited high H, H/E*, H 3 /E* 2 , and W e values accompanied with (200) preferred orientation. By contrast, the films prepared at a substrate bias voltage of more than −100 V exhibited an Si-less content, a strong (111) texture, and a high residual stress ranging from -6.8 to -8.8 GPa. Further research should focus on applying the HiPIMS-RFMS cosputtered Zr-Si-N films on the diffusion barrier utility for Cu metallization. 
